Biodegradation has proved to be a versatile technique to remediate benzene, toluene, ethyl benzene and xylene (BTEX) mixtures in contaminated soil and groundwater. In this study, a mixed microbial culture obtained from a wastewater treatment plant was used to degrade liquid phase BTEX, at initial concentrations varying between 15 to 75 mg/l. Experiments were conducted according to the 2 k-1 fractional factorial design to identify the main and interaction effects of parameters and their influence on biodegradation of individual BTEX compounds in mixtures. The removal efficiencies of these compounds varied between 2 to 90% depending on the concentration of other compounds and also on their interaction effects. A statistical interpretation of the results was done based on the Fishers variance ratio (F) and probability (P) values. Though all the main effects were found significant (P < 0.05) at the 5% confidence level, the interactions between benzene and toluene and benzene and xylene concentrations were also found to be statistically significant and play a major role in affecting the total BTEX removal.
INTRODUCTION
Benzene, toluene, ethyl benzene and xylene collectively known as (BTEX) are widely used as industrial solvents for organic synthesis and are the major products of petroleum and fine chemical industries. They are generated from a wide variety of industrial sources, and a majority of them arise from fine chemical and petrochemical industries. They frequently enter the air, soil and water environment through leakages from underground storage tanks, pipelines, accidental spills, improper practices and leaching landfills (Yeom and Yoo, 1999) . The BTEXs make up the alkylbenzenes and constitute up to about 18% (w/w) in a standard gasoline blend. BTEXs are considered to be very important since they contribute generously to global environmental effects such as ozone layer depletion, green house effects and acid rain (Jenkin and Chemitshaw, 2000; Burgess, et al., 2001 ). Even at low concentrations, BTEX can cause damage to the liver and kidney and paralyze the central nervous system (Martin, et al., 1998; Murata, et al., 1999; Bahrani and Edwards, 2006) . The contamination of soils and aquifers with petroleum hydrocarbon is a major environmental problem. Generally BTEX compounds are often encountered as mixtures rather than as a single compound and the fate of these compounds is often strongly controlled by microbial activity (Schwarzenbach, et al., 1993) . It has been proved earlier that, biodegradation is a versatile treatment option to remove BTEX at various concentrations using indigenous or acclimatized microbial species.
Earlier, significant research has been conducted using pure cultures for degrading and studying the kinetics of BTEX compounds, but they usually could not degrade all compounds simultaneously and efficiently. Hence, most of the studies on the biodegradation of BTEX compounds have primarily been carried out with mixed cultures acclimatized to specific compounds in batch and continuous systems (Alvarez and Vogel, 1991; Shim and Yang, 1999; Rene, et al.,2001; Gusmao, et al., 2006) . A few studies on the biodegradation of mixtures of BTEX compounds have also been reported. Kelly, et al. (1996) studied the kinetics of BTX biodegradation in batch systems using a mixed consortium from a contaminated soil and observed substrate disappearance in the order: toluene > benzene > xylene. Chang, et al. (1993) observed in batch studies using Pseudomonas fragi that the rate of degradation of either benzene or toluene in the presence of other substrate was slower than the degradation rate of either substrate alone. Arvin, et al. (1989) investigated benzene degradation in the presence of toluene, o-xylene and a number of poly nuclear aromatic hydrocarbons. Their study reveals that in the presence of either toluene or o-xylene, benzene degradation was stimulated. Oh, et al. (1994) investigated the degradation of B, T and p-X individually and in mixtures by a mixed consortium and a Pseudomonas species. They observed benzene and toluene degradation but not p-xylene as individual substrate, while in mixtures competitive inhibition and cometabolic degradation were observed.
In this paper, BTEX biodegradation as mixtures was studied using a mixed bacterial consortium (mixed culture) in free (suspended) cell systems. The effect of substrate concentration on cell growth has been examined. Experiments were carried out at different initial concentrations of BTEX corresponding to total BTEX concentrations varying between 60 and 300 mg/L. These experiments were conducted as per the experimental plan outlined by fractional factorial design of experiments to identify the main and interaction effects during BTEX removal. The results were statistically interpreted and presented in this paper. This research have been done in Environmental Pollution Control Laboratory, University of Ulsan, South Korea during February 2006 to July 2006.
MATERIALS AND METHODS

Microorganism and media composition
The mixed bacterial consortium was obtained from the effluent treatment plant of a chemical industry located in Ulsan, South Korea. The mineral salt medium (MSM) used in this study had the following composition:
All chemicals used were of analytical grade. The pH of the media was maintained at 7±0.1.
BTEX removal experiments
Batch removal experiments were conducted by varying individual BTEX concentrations between 15-75 mg/L according to the statistically significant fractional factorial design (Table 1) , in 500 mL glass bottles (working volume 300 mL) fitted with appropriate toggle valve based screw caps. These valves were made of Teflon that housed needles to collect headspace BTEX and biomass in suspension. BTEX was directly injected to this working volume corresponding to different initial concentrations and after water-air equilibration 3% of the microbial suspension was added. The resulting BTEX containing MSM was incubated in a rotary shaker at 150 rpm and maintained at ambient temperatures (28-30 o C). Samples collected at regular intervals were analyzed for biomass and residual BTEX concentration.
Analytical methods
Free cell concentrations was determined by measuring the optical density (OD at 660 nm) using a UV-visible spectrophotometer (Shimadzu UV-Min 1240, Japan) and reading from a standard calibration plot between OD 660 and cell dry weight. The concentrations of BTEX in liquid phase were determined from the waterair partition coefficient values (Mackay and Shiu, 1981) , and by the procedure described in Prenafeta-Boldu, et al. (2002) . Head space BTEX measurements were done by injecting 100 µl headspace samples collected in gastight syringe (Hamilton Co, Reno, Nevada, USA) into a DS-6200 Gas Chromatograph fitted with a HP-FFAP capillary column and flame ionization detector. Nitrogen was used as the carrier gas at a flow rate of 20 mL/min. The temperatures of the injection port, oven and detection port were 250, 80 and 250 o C.
Statistical design of experiments
Experiments with different concentrations of BTEX were conducted using the experimental design obtained by 2 k-1 fractional factorial design. Fractional factorial designs are two level designs (low and high values of the factor), which includes only a fraction of the total trial that comprise a full factorial design (Box and Hunter, 1978; Montgomery, 1991) . It consists of 2 k-1 runs (trials), where '2' represent the two levels of the factor and 'k' is the total number of factor. Moreover, when high order interactions are negligible, reasonable information on the main effects and low order interactions may be obtained by running only a fraction of the complete factorial design. Hence, 2 (4-1) design is 
RESULTS
Batch biodegradation tests were conducted with wastewater treatment plant sludge microbes, according to the 10 experiments designed by fractional factorial design ( Table 1 ). The cumulative BTEX removed was calculated as follows
The biomass growth profile and substrate utilization pattern observed for mixed culture while utilizing BTEX as the sole carbon source is shown in Fig. 1 . The biomass growth showed a typical microbial growth pattern with a short lag phase, a growth phase and a stationary phase. However the removal pattern and extent of growth were also a function of the initial concentration of different substrates. Within the first 10 hours of experimentation, a rapid decline in the concentrations of individual substrates was noticed with a sharp increase in the cell growth. During Expt-1, at low concentrations of BTEX, ethyl benzene was better removed at 68% by the microbes in comparison to B (4.7%), T (18.7%) and X (4%). However, when the concentration of benzene and xylene was increased to 75 mg/L, the removal of toluene decreased to 14%, while no change in the removal of ethyl benzene was noticed. Increasing the concentrations of toluene and xylene, decreased the removal of benzene, while it synergistically increased the removal of other compounds. TEX was removed at 46, 45 and 72% respectively. Similarly, when the concentration of benzene was increased (Expt-4), a marginal decrease in the removal of TEX was observed, while benzene removal increased to 80%. In expt-8, the highest levels of concentrations of individual BTEX compounds (75 mg/L), the removal of BTEX were 58, 84, 89 and 80% respectively. Maximum biomass growth was observed in Expt-4, when benzene concentration was 75 mg/L. Increasing the concentrations of benzene, not only increased benzene removal but also stimulated better biomass growth. The total BTEX removals varied between 23.7 to 78% and this value principally depended on the low and high levels of concentrations of individual BTEX compounds in the quaternary mixture. It is evident from Fig. 2 (main effects plot) , that the total BTEX removal increased with increased in concentrations of individual BTEX compounds from low to high levels. However the biomass growth was found to vary depending on the initial concentrations of BTEX. It can be elucidated from Fig. 3 , that increasing the concentrations of BT stimulated biomass growth, while a severe antagonistic effect was noticed, when xylene concentrations were increased from low to high levels in the mixture. The presence of ethyl benzene did not affect the biomass growth pattern.
DISCUSSION AND CONCLUSIONS
The prime reason for antagonistic effects during BTEX degradation in mixtures can be attributed to competitive inhibition (Chang, et al., 1993; Oh, et al., 1994; Bielefeldt and Stensel, 1999) , toxicity (Haigler, et al., 1992) and the formation of toxic intermediates by non-specific enzymes (Bartels, et al., 1984) . The interaction plots (Fig. 4) showed that, at high levels of toluene and xylene concentrations, and at low levels of benzene and xylene, there exists interaction. All other interactions were in significant within the range of BTEX concentrations studied. This can also be substantiated by the ANOVA table given in given in Table 2 and 't', 'P' values given in Table 3 . In general, the Fischer's 'F' value with a low probability 'P' value indicates high significance of the regression model (Khuri and Cornell, 1987) . The students 't' test can be used as a tool to check the significance of the regression coefficient of the parameter, while 'P' values signify the pattern of interaction among the factors. The larger the value of t and smaller the value of P, the more significant is the corresponding coefficient term (Montgomery, 1991) . High F values for main effects (5000) with low P values (0.010) suggests that the individual effects were significant than the 2 way interaction effects (F-284.85, P-0.044) . Among the main effects, benzene and toluene concentrations affected the total BTEX removal (t-99,85.75, P-0.006,0.007) , while the interactions between benzene and toluene concentrations were insignificant (t-5, P-0.126) . Int. J. Environ. Sci. Tech., 4 (2): 177-182, 2007 The mixed wastewater treatment plant sludge microbes were able to grow well in the mineral salt media with BTEX as the sole carbon source. The culture showed different utilization pattern at different initial concentrations of BTEX compounds in mixtures. At the highest concentration range tested, the individual BTEX removal efficiencies were 58, 84, 89 and 81% respectively. Preferential utilization of substrates was observed depending on their toxicity and initial oxidation mechanisms. The synergistic and antagonistic interactions were elucidated statistically through their F and P values. Increasing the concentrations of BTEX from low to high levels stimulated the total BTEX removal. However, their individual removal efficiencies showed a varied response depending on the initial concentrations of other substrates. The results from this study further delineate that the main effects of the variables had a significant effect in increasing the total BTEX removal, while the interactions between benzene and ethyl benzene concentrations significantly reduced BTEX removal in mixtures. ACKNOWLEDGEMENT This work was supported by the research funds from the University of Ulsan, South Korea (2006) .
